Deficits of visuospatial orienting in brain-damaged patients affected by hemispatial neglect have been extensively investigated. Nonetheless, spontaneous spatial orienting in naturalistic conditions is still poorly understood. Here, we investigated the role played by top-down and stimulus-driven signals in overt spatial orienting of neglect patients during free-viewing of short videos portraying everyday life situations. In experiment 1, we assessed orienting when meaningful visual events competed on the left and right side of space, and tested whether sensory salience on the two sides biased orienting. In experiment 2, we examined whether the spatial alignment of visual and auditory signals modulates orienting. The results of experiment 1 showed that in neglect patients severe deficits in contralesional orienting were M A N U S C R I P T
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2 predefined target (e.g., pressing a button if the scene contained a bus). In the control group, this led to a reduced contribution of low-level signals, with participants orienting towards the target location even when this had little contrast. However, this was not the case in neglect patients, suggesting alterations in the mechanisms regulating the interactions between top-down and stimulus-driven signals (see also Ptak & Fellrath, 2013) .
These previous studies manipulated top-down, endogenous signalling by introducing explicit, goal-directed tasks. However, in real-life situations endogenous signalling is also associated with other types of high-level signals, such as those arising from the processing of meaningful events. While competition between stimulus-driven signals can be characterised by using computational models based on low-level features (e.g., Saliency Maps; see Itti et al., 1998; Itti & Koch, 2001) , competition between semantic events needs to be addressed differently. The latter is based on the relationship between an object/agent and a meaningful context. In a recent study on healthy participants, we used short videos of everyday life situations in free-viewing conditions (i.e., without an explicit goal-directed task). We assessed the impact of low-level competition by using Saliency Maps and high-level competition by varying the number of semantically-relevant events (single vs. multiple; cf. Nardo et al., 2016) . The results showed that stimulus-driven salience affected spatial orienting only in presence of multiple competing (but not single) semantic events, indicating an interaction between stimulus-driven and internal/semantic signalling during processing of naturalistic stimuli, in the absence of any goal-directed task (cf. Machner et al., 2012) .
Here, we investigated how high-level (i.e., distinctive and context-related semantically meaningful visual events) and stimulus-driven signals (visual salience and audiovisual spatial alignment, see below) contribute to spatial orienting behaviour of neglect patients (cf. Snow & Mattingley, 2006) using dynamic naturalistic stimuli and in the absence of any goal-directed task.
The first experiment included short videos without any sound (visual only experiment, 'Vonly') and the participants were asked to freely view the stimuli. Operationally, we manipulated the M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 3 competition between high-level representations by presenting videos that either included a single semantically meaningful event on one side, or multiple events on both sides of space (cf. Nardo et al., 2016) . The time spent looking towards the left/right side was the primary dependent measure.
Based on previous findings that brain damage in patients with hemispatial neglect would primarily entails the ventral attentional system (Vallar & Perani, 1986; Mort et al., 2003; Corbetta & Shulman, 2011; Karnath & Rorden, 2012) , we hypothesised that these patients would show a contralesional orienting deficit selectively when stimuli contain multiple events competing for processing resources (see Ptak & Valenza, 2005; Geng & Behrmann, 2006 , for related results using visual displays with simple stimuli), while the processing of stimulus-driven signals would be relatively intact even in the contralesional hemispace (cf. Machner et al., 2012 ; but see He et al., 2007 , about the role of connectivity between the two systems, and see DISCUSSION).
In the second experiment, we investigated orienting behaviour in naturalistic audiovisual conditions ('AVstim'). While the presence of multiple objects/events within a visual scene generally intensifies spatial orienting deficits in neglect patients (Riddoch & Humphreys, 1983; Bartolomeo & Chokron, 2001; Geng & Behrman, 2006; Coulthard et al., 2008) , multiple stimuli in different sensory modalities -but at the same location -can improve the orienting performance of neglect patients (Robertson et al 1998; Frassinetti et al., 2002; Van Vleet & Robertson, 2006) . Here, we made use of short videos portraying everyday life situations, with sounds presented either on the same side (spatially-congruent) or on the opposite side (spatiallyincongruent) of the main semantically-distinctive visual event. Based on our previous imaging results in healthy subjects showing audiovisual spatial interaction in the dorsal parietal cortex (Nardo et al., 2014) , we predicted that neglect patients would show spared influences of audiovisual spatial alignment on orienting behaviour. In particular, we expected that coupling a left visual event with a spatially-congruent sound also on the left side would increase orienting towards the contralesional hemispace (Frassinetti et al., 2002) .
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To summarise, we used naturalistic stimuli to investigate the role of high-level, semantically-distinctive visual events and stimulus-driven signals (visual salience and audiovisual spatial alignment) for overt spatial orienting in neglect patients. Unlike the vast majority of previous studies on spatial orienting and orienting deficits, here the manipulation of high-level endogenous signals did not entail any task-directed goal, but rather concerned implicit processing related to internal knowledge (cf. also Riddoch et al., 2003) that characterises any everyday life situation. The use of this methodological approach should allow us to bridge the gap between previous results produced in highly controlled (but rather artificial) laboratory conditions and real-life situations that neglect patients experience in their everyday life.
MATERIAL AND METHODS
PARTICIPANTS
Overall, 80 participants were recruited for the present study: 30 right hemisphere braindamaged patients with hemispatial neglect (N+), 25 right hemisphere brain-damaged patients without neglect (N-), and 25 sex and age-matched healthy subjects (HS). Due to unreliable eyetracking data (see EYE-MOVEMENTS), some participants had to be excluded from the study. In Vonly experiment, 6 N+, 6 N-, and 5 HS were discarded, thus the reported analyses are based on 24 N+ (further divided into two groups: without [N+H-; n=15] and with [N+H+; n=9] contralateral homonymous hemianopia; cf. Doricchi & Angelelli, 1999) , 19 N-, and 20 HS. In AVstim experiment, a few additional participants were excluded (6 N+, 1 N-, and 2 HS), resulting in the following sample sizes: 18 N+ (divided into 13 N+H-and 5 N+H+), 18 N-and 18 HS.
Demographic and clinical data of all participants are summarized in Table 1. N+ and N-were recruited among hospitalized brain-damaged patients at the Santa Lucia Foundation, Rome, Italy. The study was approved by the independent Ethics Committee of the
Foundation. HS were recruited by means of private announcing. Exclusion criteria for patients (both N+ and N-) were: tumour aetiology, presence of left-sided or diffuse/bilateral brain lesions, and presence of speech impairments. Healthy subjects reported no history of psychiatric or neurological disease or drug abuse. All patients and healthy subjects were right-handed, had normal or correctedto-normal (contact lenses) visual acuity, as well as self-reported normal hearing. After having received instructions, all participants gave their written informed consent.
NEUROPSYCHOLOGICAL ASSESSMENT AND DIAGNOSIS OF NEGLECT
A full neuropsychological assessment of the patients was performed at the time of admittance to the care centre. A professional neuropsychologist (not otherwise engaged in the study), administered and scored standard neuropsychological tests assessing all major cognitive domains. The presence and severity of hemispatial neglect was assessed by means of a battery of specific tests, including: letter cancellation (Diller et al., 1974; cut-off ≥4) , star cancellation (Wilson et al., 1987; ≥3) , line cancellation (Albert, 1973; ≥1) , Wundt-Jastrow illusion (Massironi et al., 1988; , sentence reading <6) , personal neglect (Zoccolotti et al., 1992; , and 20 cm line bisection (Heilman & Valenstein, 1979 ; >6.5 mm; see Azouvi et al., 2002) .
Patients were diagnosed as N+ in case they resulted positive on at least two of these tests.
All patients were re-assessed on the day of the experiment with the letter cancellation and line bisection tests, to evaluate any change in neglect severity as a function of the time elapsed from lesion occurrence, plus the gap detection task (Ota et al., 2001) , to exclude the presence of allocentric neglect (see Table 1 ). HS also underwent these three neuropsychological tests before the beginning of the experiment, to exclude the presence of any visuospatial deficit. Patients also underwent a dynamic perimetry (to exclude the presence of any visual field reduction), and a visual extinction task (as described in Lecce et al., 2015) .
This study included two behavioural experiments. In Vonly experiment, participants were presented with videos portraying everyday life scenes to investigate visuospatial orienting deficits in complex visual environments. The role of competition between co-occurring visual events and the role of stimulus-driven signals (salience) was investigated by presenting distinctive visual events either as single events lateralised to the left/right side of space (Lat-trials), or as multiple events presented across both sides (Multi-trials), and by quantifying stimulus salience using a computational approach (see VISUAL SALIENCE). In AVstim experiment, naturalistic sounds were delivered together with everyday life scenes to investigate the effect of crossmodal spatial interactions on spatial orienting deficits. We manipulated the spatial alignment between the side of the visual event and the side of sound delivery, thus obtaining spatially-congruent vs. spatiallyincongruent stimuli. In both experiments, we asked our participants to freely view the videos. The dependent variable was the ratio of time spent looking towards the left vs. right visual hemispace, that is, a measure of efficacy of the stimuli in guiding visuospatial orienting (Gaze_idx, see EYE-MOVEMENTS).
STIMULI
Vonly
Stimuli consisted of 140 videos showing everyday life situations (cf. Nardo et al., 2016) .
The videos were non-Italian TV commercial clips, either purchased from an Advertising Archive (http://www.coloribus.com) or downloaded from YouTube. Using a video editing software (Final Cut Pro, Apple Inc.), we selected 1.5 sec video-segments that included a single continuous meaningful scene with either one lateralised distinctive event (Lat-trials) or multiple events on both sides (Multi-trials). The majority of distinctive events consisted in one or more persons in the M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 7 foreground, who either performed an action (e.g., walking, dancing, manipulating objects, etc.) or changed posture. In approx. 10% of videos, the event consisted in a moving vehicle (car, motorbike, plane, etc., equally distributed across conditions). The selected segments did not include any writings/watermarks in the foreground. Stimuli were further divided into 'Left' and 'Right' as follows. Lateralised stimuli were sorted into L/R according to the side of the distinctive visual event. Videos containing multiple visual events were categorised as L/R on the basis of the corresponding Saliency Maps (Sal_idx, see VISUAL SALIENCE). The full set of videos included 80 lateralized trials and 60 multiple trials, equally split into left-and right-trials.
AVstim
Stimuli consisted of 96 short videos created on purpose (cf. Nardo et al., 2014) displaying everyday life situations in real environments. Each stimulus contained a distinctive main visual event on the left or right side, plus an environmental sound associated with the visual scene. The main visual event consisted of either an action performed by the agent (e.g., someone putting an object on a table) or the setting off of a device (e.g., switching on the TV). The sound was produced either by the actor's action (e.g., the noise of the object hitting the table) or by an electronic device present in the scene (e.g., computer, mobile phone, radio, TV, etc.). Stimuli had a duration of 2.5 sec, and the sound was delivered approx. 1 sec after stimulus onset. By crossing the side of the main visual event and the left/right position of the sound, we obtained four main experimental conditions: spatially-congruent AV trials on the left or right side (Lcon and Rcon), and left/right spatiallyincongruent AV trials (Linc and Rinc, where the L/R label refers to the position of the visual event).
In congruent trials, the sound was produced either by the same agent associated with the main visual event or by a different one. In incongruent trials, the sound was still produced by a person/object in the scene, but not the one associated with the main visual event. In addition, all videos were also presented without any sound (NoS: no-sound conditions). This allowed us to ensure that any difference between congruent and incongruent conditions did not simply arise 
PROCEDURE
The experiments (10 min each) were carried out in a quiet and dimly lit room. The participants were seated in a comfortable way in front of a laptop equipped with a portable eyetracking system (RED-m Eye Tracking System 3.2; SensoMotoric Instruments, operating at 120
Hz), at a distance of approx. 60 cm from the screen. In order to facilitate patients' accomplishment, the calibration of eyes position was based on a single (central) fixation point, then validated with a four points (corners) procedure. The visual stimuli covered a visual angle of approx. 25×14 deg. In AVstim experiment, the auditory stimuli were delivered unilaterally either on the left or right side of the scene by means of two loudspeakers placed close to the screen of the laptop. In both experiments, participants were simply asked to freely view the videos, without any explicit task.
In Vonly experiment, lateralised and multiple stimuli were counterbalanced by presenting half of the stimuli in their original orientation (i.e., left is left, right is right), and the other half in a flipped configuration (i.e., left is right, right is left) as a control for possible left/right biases in the videos related to their specific content both in terms of events (e.g., size, presence of objects/people) and stimulus-driven signals (i.e., salience). Videos presented in the original or flipped versions were counterbalanced across subjects, so that each of the 140 videos was presented to half of the subjects in the original, and to the other half in the flipped version.
In AVstim experiment, half of the stimuli were presented with sounds (S), whereas the other half included only silent versions of the videos (NoS). This allowed assessing the effect of sound M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 9 presence, over and above any spatial bias associated with the visual component of the stimuli (i.e., the interaction between left/right side of the visual event and presence/absence of the sound), and any uncontrolled differences between congruent and incongruent videos (note that each video could be used only for one of these two conditions). The presentation of sound (S) and silent (NoS) conditions were counterbalanced across subjects, so that each of the 96 videos was presented to half of the subjects with sound and to the other half without any sound. The order of presentation of the 96 stimuli was randomized across subjects.
The Inter-Trial Intervals varied between 3.5-5 sec in Vonly experiment (mean 4.25) and 4.5-6 sec in AVstim experiment (mean 5.25), during which a fixation point was presented at the centre of the screen.
VISUAL SALIENCE
For Vonly Experiment, we indexed the level of lateralisation of stimulus-driven visual signals using the computational model of visual salience proposed by Itti and colleagues (Itti et al., 1998; Itti & Koch, 2001 ). The videos were analysed using the MT_TOOLS toolbox developed inhouse (http://www.slneuroimaginglab.com/mt-tools). Saliency Maps were computed by using local centre-surround contrasts separately for intensity, colour, orientation, flicker and motion (Itti et al., 1998; Itti & Koch, 2001 ). This generates a series of conspicuity maps that were then combined into 
EYE-MOVEMENTS
The dependent variable of the present study was the ratio of time participants spent fixating on the left vs. right hemispace (Gaze_idx). Raw eye-tracking data were processed using the MT_TOOLS toolbox. Fixations were defined as gaze-position remaining within an area of 1.5×1.5 deg. for a minimum duration of 100 ms.
In order to obtain a specific measure of how the presentation of the short videos affected orienting behaviour, we ensured that the participant's gaze was central before the video onset. For each subject and each trial, we considered only eye-traces where the pre-stimulus gaze position was within ±2 deg. of the centre of the screen. The selection of trials with central fixation allowed us to ensure the correspondence between left/right side of the stimulus and left/right side of the stimulated visual field at the start of each trial. Furthermore, this enabled us to specifically target overt spatial shifts associated with salience and meaningful events, rather than any stimulusunrelated sustained bias of gaze-position (see also Table S1, in the Supplementary Material reporting the percentages of trials excluded because of pre-stimulus biases). In addition, we considered only trials where at least 50% of data points during the presentation of video could be categorised as fixations, i.e., excluding trials including many blinks and/or other artefacts. We M A N U S C R I P T
A C C E P T E D ACCEPTED MANUSCRIPT
11 counted how many trials satisfied the specified criteria and discarded participants who had less than 4 trials for each experimental condition (see also PARTICIPANTS).
The computation of the Gaze_idx comprised several steps. First, for each subject, we 
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The transformed data were used for statistical analyses that tested the effects of conditions and groups. For completeness, we also report the corresponding untransformed data (see Supplementary Figure S1 ). Please note that such data transformations do not affect statistics, they just reduce the number of factors and simplify the presentation of ANOVAs results.
It should be noticed that this index provides us with a global measure of orienting over the entire stimulus duration. Thus, in a set of additional and non-independent analyses, we considered the position and the timing of the first fixations to gain insights about the temporal dynamics of spatial orienting following the video/stimulus onset. This allowed us to answer the question of whether any left/right bias observed for our global/full-video measures was already present at the level of the initial orienting response, or rather may reflect some later (possibly more 'strategic') processing phase. For these additional analyses, each condition was further sub-categorised according to the position of the first fixation (e.g., Llat trials were subdivided in Llat-Lfix and LlatRfix), which precluded us from performing these additional tests for the AV experiment that entailed too few trials when sorted according to the side of first fixation.
STRUCTURAL IMAGING AND LESION MAPPING
We sought to confirm the overall lesion patterns associated with hemispatial neglect using 
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13 Individual lesions were drawn by a trained physician (BS) on either MR (n=25) or CT (n=18) scans and double-checked for accuracy by a senior neurologist (MB) experienced in reading brain scans, both blind to the medical history of patients. Hypointense lesions were outlined directly on the MPRAGE T1-weighted (or hypodense lesions on CT) slices using a semi-automated local thresholding contouring software (Jim 5.0, Xinapse System, Leicester, UK, www.xinapse.com) and were then normalized to the standard MNI space by using ANTs 1.9.x (picsl.upenn.edu/software/ants) to obtain an optimized spatial transformation (Avants et al., 2011) .
Lesion overlaps are shown in Figure 1A . In order to confirm the implication of the ventral frontoparietal cortex in neglect (Vallar & Perani, 1986; Mort et al., 2003; Corbetta & Shulman, 2011) , we carried out regions-of-interest (ROIs) analyses comparing the frequency of frontoparietal lesions between groups (2-tailed Fisher exact test). We assessed the global level of damage of both ventral and dorsal frontopariatal networks, considering grey matter (GM) and white matter (WM)
ROIs. Both GM and WM ROIs were defined based on available brain atlases and, thus, independently of the current MR and CT data. The GM ROIs were created using the AAL atlas (Tzourio-Mazoyer et al., 2002) . The ventral frontoparietal network (vFP; 52.6 cm 3 ) was defined as the inferior frontal gyrus (both opercular and triangular parts), plus the inferior parietal lobule (supramarginal and angular gyri). The dorsal frontoparietal network (dFP; 38.3 cm 3 ) was defined as the superior frontal gyrus plus the superior parietal lobule. The WM ROIs were created using the Tractotron atlas (Rojkova et al., 2016) . The three branches of the superior longitudinal fasciculus (SLF I, II, III; 16.1, 20.5 and 22.1 cm 3 , respectively) were extracted and thresholded at a probability of ≥0.9. Each ROI was scored as 'lesioned' if at least 5% of its volume was damaged (see Figure   1B ).
RESULTS
NEUROPSYCHOLOGICAL MEASURES AND LESIONS
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14 Table 1 reports demographic and clinical data of all participants. Lesion overlaps are shown in Figure 1A . In N-patients the lesions spared both the ventral (inferior parietal and inferior frontal cortices) and the dorsal (intraparietal sulcus and surrounding cortex, frontal eye fields) frontoparietal networks. Conversely, in N+H-patients the lesions heavily affected the ventral network, while the dorsal network was spared in the majority of patients. The N+H+ group showed the most extensive lesions, with brain damage extending posteriorly into the occipital cortex. In both N+H-and N+H+ patients the lesions involved also the white matter tracts connecting frontal and parietal regions (i.e., superior longitudinal fasciculus; cf. Doricchi & Tomaiuolo, 2003; Thiebaut de Schotten et al., 2005) . The ROIs analyses indicated that both N+H-and N+H+ did not differ from N-in the amount of lesions in the dorsal network, whereas they did in the ventral network. Concerning the white-matter ROIs, again both N+H-and N+H+ did not differ from N-in the amount of lesions in SLF I, whereas they differed in SLF II and III (cf. bars in Figure 1B and patients, which would be captured by the three-way interaction. All main effects and interactions were significant (see Table 3 ). Because the three-way interaction Group × Competition × Side was significant (p<0.001), we will focus on this. plus Supplementary Figure S1A for the corresponding untransformed data; see also Figure 2C ).
The gaze pattern in N-was somewhat in-between that of N+H-and HS groups (see cyan bars in Figure 3A ). By contrast, N+H+ patients displayed a pattern of spatial orienting that was qualitatively different. While in Multi-conditions they exhibited a deficit that appeared to be along a continuum with the effect observed in N-and N+H-patients (i.e., a rightward bias irrespective of the most salient side; cf. Multi-condition, orange bars in Figure 3A ), N+H+ failed to explore the contralesional hemispace even when the video contained a single lateralised event on the left side (see leftmost first orange bar in Figure 3A ; see also Figure 2D ).
In order to exclude that the behaviour of the N+H+ group was driving the significant three- contained a single semantically-distinctive event on that side, the processing of these contralesional single events was slowed down by about 100 ms.
Next, we assessed the relationship between stimulus-driven signals (visual salience) and overt spatial orienting. We formally tested the effect of stimulus-driven salience by correlating the amount of salience lateralisation (Sal_idx) with the amount of gaze lateralisation (Gaze_idx; see Figure 4 ). The main hypothesis we sought to test here was whether visual salience affected spatial orienting in the left hemispace of N+H-patients on Multi-trials (cf. INTRODUCTION). For each subject, a linear regression estimated the relationship between gaze and salience using trial-by-trial variance. The corresponding regression slopes (betas) were submitted to a one-sample t-test for statistical inference at the group level. In N+H-patients, for the critical Multi-trials with saliency lateralised on the left side (Lmulti-condition), we found a significant effect of salience on gaze (T (14) =2.04, p=0.031; see red panel on the left in Figure 4C ). This demonstrates that, despite the presence of a rightward attentional bias (cf. corresponding condition in Figure 3A) , there was some spared processing of bottom-up salience in the contralesional left hemispace in N+H-patients.
For completeness, we tested the significance of the relationship between salience and gaze also in all the other conditions and groups (see Table S2 , in the Supplementary Material). Consistent with our previous results (Nardo et al., 2016) , for the HS group we found a positive correlation between Sal_idx and Gaze_idx in presence of multiple/competing events (Lmulti-and Rmultitrials), but not in presence of single/lateralised events (Llat and Rlat; see Figure 4A ). The N-group showed an analogous pattern of results ( Figure 4B ), and so did the N+H-patients in all the conditions. By contrast, in hemianoptic patients (N+H+) there was no relationship between salience and gaze in any of the conditions ( Figure 4D , see also Table S2 ).
In the second experiment, we investigated stimulus-driven effects by pairing the onset of the main visual event with a sound, either on the same or the opposite side of space (spatially-congruent vs. spatially-incongruent audiovisual conditions). We hypothesised that residual stimulus-driven processing in the left hemispace of neglect patients would lead to longer looking times on the left side when a left visual event was coupled with a spatially-congruent left sound. First, we performed a mixed three-way ANOVA on transformed Gaze_idx data (see METHODS) with Group as between factor (N+H-, N+H+, N-, HS), and Congruency (Congruent, Incongruent) and visual Side (Left, Right) as within factors (see Figure 3B ). Here, we predicted primarily a main effect of audiovisual spatial congruency. Next, we targeted more directly the influence of congruent audiovisual stimulation in the left hemispace in N+H-patients, using a one-tailed t-test assessing the significance of the crossmodal effect ('Sound minus No-Sound' >0) in the left hemispace in the N+H-group. A positive effect would confirm that stimulus-driven audiovisual interactions can boost spatial orienting towards the contralesional hemispace in these patients.
The mixed ANOVA showed a main effect of Congruency and a significant interaction Congruency × Side (see Table 3 ). Overall, all participants (irrespective of group) spent more time orienting towards the side of the visual event when the sound was on the same side, than when the visual event and the sound were on opposite sides. This effect of audiovisual spatial congruency was larger when the visual event was on the left as compared to the right side (see below). Figure 3B shows the transformed gaze data plotted separately according to Group and Figure S1B for the corresponding untransformed data). In these plots, positive values mean that adding a sound to the video (cf. subtraction of sound vs. no-sound conditions) led participants to spend longer times looking towards the side of the visual event. By contrast, negative values indicate that adding the sound reduced the time spent on the side of the main visual event. The plot shows that in the HS group the effect of audiovisual spatial congruence was mainly driven by the incongruent condition, that is, presenting a sound on the opposite side of the visual event led to a reduction of orienting towards the visual event (cf. green bars with negative M A N U S C R I P T
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19 values for incongruent conditions in Figure 3B ). N+H-patients showed an analogous effect of audiovisual incongruence, but they also showed positive values for the Lcon condition.
Accordingly, adding a sound to the left side, while watching a video with a visual event on the left, increased the time patients spent looking towards the contralesional hemispace. The orienting pattern in patients with hemianopia N+H+ was similar to that of N+H-, showing an even larger effect of audiovisual congruence on the left side (see first orange bar in Figure 3B ). By contrast, the pattern in N-was more similar to HS, primarily showing an effect of audiovisual incongruence (cf.
cyan bars in Figure 3B ).
We sought to further confirm our main hypothesis about partially spared stimulus-driven audiovisual spatial interactions in the left hemispace of N+H-patients.
To do this, we tested whether the effect of audiovisual congruency in the left hemispace of N+H-patient was significant.
A one-sample t-test on the corresponding Lcon-condition confirmed that indeed adding a left sound to a left visual event significantly increased the time N+H-patients spent looking towards the contralesional hemispace (T (12) =4.26; p=0.002).
In sum, the AVstim experiment showed that audiovisual spatial congruence affected orienting behaviour in all groups. This included a reduction of the time spent on the side of the visual event when an auditory signal was presented on the opposite side (audiovisual incongruence). Most importantly, in N+H-patients there was also a positive effect of audiovisual congruence in the left hemispace. Neglect patients (irrespective of the presence of hemianopia) spent longer time looking towards the contralesional side when a left sound was added to a left visual event.
DISCUSSION
Spatial orienting deficits in neglect patients are thought to arise from a complex combination of factors related to both endogenous control and stimulus-related features. Standard paradigms M A N U S C R I P T
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20 making use of simple stimuli (e.g., geometrical shapes in search, cueing tasks) allow disentangling these influences, but fail to capture how external stimulus-related and endogenous signals jointly contribute to spatial processing in naturalistic conditions. The latter are characterized by a high number of objects and/or events that compete for processing resources. Here, we sought to reproduce such complex conditions using short videos portraying naturalistic situations. We characterised each video in terms of high-level features (presence of semantically meaningful visual events) and low-level sensory signals (visual salience and audiovisual spatial alignment). Our participants were asked to freely view the stimuli without any specific task, thus minimising any endogenous influence of strategic/task-based control. Our main finding was that in neglect patients without hemianopia (N+H-) spatial orienting deficits arose primarily as a result of the competition between distinctive and semantically meaningful visual events, while the competition between sensory-related factors seemed to play a minor role in determining the attentional imbalance between the ipsi-and contralesional side of space in these patients.
Our finding that internal (here, semantic-related) signals play a central role in controlling spatial orienting in naturalistic conditions is consistent with behavioural studies in healthy participants (Einhäuser et al., 2008a; Nuthmann & Henderson, 2010; Stoll et al., 2015) . In our first experiment (Vonly), we show that neglect patients oriented towards single distinctive events in the left hemispace, despite the onset of the videos implied stimulation of both sides. This indicates that in naturalistic conditions of visual stimulation the detection of single distinctive events can be relatively spared both on the left and right side, and that mere visual stimulation on the right side plays a minor role in reducing the detection of visual events in the contralesional hemispace in neglect patients (cf. Karnath, 2015) . Additional analyses that specifically considered the first fixation after stimulus onset indicated that the likelihood of leftward fixations for Llat-trials (which included a single distinctive event on the left side), was the same in N+H-and N-patients. This confirms that events on the left side were able to grab the patients' attention/gaze even when embedded within a complex input comprising visual stimulation of both sides. The additional M A N U S C R I P T
21 timing analyses revealed that these first gaze-shifts towards the contralesional side were approx.
100 ms slower in N+H-patients as compared with N-control. The latter indicates some processing deficit for stimuli on the left side.
Our current approach follows a well-established methodology of using gaze orienting as an indirect index of the allocation of visuospatial attention using naturalistic stimuli (e.g., Land et al, 1999; Foulsham et al., 2011; Hwang et al., 2011; Tatler et al., 2011; Stoll et al., 2015 ; see also Henderson, 2017) , but it does not inform us about the amount of processing of the objects at the fixated locations. This is particularly true for brain-lesioned patients, who may overtly orient towards the left hemifield but still exhibit limited processing on that side (Doricchi & Incoccia, 1998; Doricchi & Galati, 2000 ; see also Driver & Vuilleumier, 2001; Riddoch et al., 2003;  discussing residual perceptual and semantic processing on the left side in neglect). On the other hand, patients with neglect have relatively spared ocular pursuit of motion and slow phases of optokinetic nystagmus towards the contralesional direction (Smith & Cogan, 1959; Baloh et al., 1980; Kömpf, 1986; Incoccia et al., 1995; Doricchi et al., 2002; Doricchi et al., 2007; and Lynch & McLaren, 1983 , for related studies in non-human primates). Here, spared ocular pursuit of our , 1997; Walker et al., 1996) and testing for the recognition of these events (Jelsone-Swain et al., 2012 ). Nonetheless, it should be noticed that introducing any explicit reporting procedure -such as explicit object search or scene memory -implies imposing a goal-directed task, which in turn may change the balance between the different signals contributing to spatial orienting (cf. reduction of the effect of stimulus-related salience in the presence of a goal-directed task; e.g., Einhäuser et al., 2008b) .
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While the N+H-patients oriented systematically towards single events on the left side, we found a marked ipsilesional attentional bias as soon as multiple distinctive and semanticallyrelevant events were presented on the two sides of space (see also Riddoch & Humphreys, 1983; Bartolomeo & Chokron, 2001; Corben et al., 2001; Coulthard et al., 2008) . Healthy participants spent approximately the same amount of time looking towards the left and right side (but see below for the effect of visual salience), while N+H-patients systematically oriented towards the right side (see also Figure 2 ). This condition, with videos containing events on both sides of space, may be related to extinction tests that are routinely used to examine the impact of competition on spatial orienting (de Haan et al., 2012) . Only two out of 15 N+H-patients showed signs of extinction in the clinical evaluation that here was assessed using a sensitive computer-based test (two black squares of 1×1 deg. presented for 200 ms at 6 deg. of eccentricity with respect to a central fixation point).
Given the short duration of the stimuli in the clinical test, as compared to the much longer duration of the videos in the Vonly experiment, it may be expected that any deficit in terms of low-level competitive interactions between the two sides would lead to higher rates of extinction in the clinical test as compared with the Vonly experiment (Bonato, 2012) . Instead, the current pattern (no extinction with brief simple stimuli, vs. marked rightward bias with long, semantically meaningful events) points to a central role of high-level signals and, more specifically, to the competition between events entailing high-level semantic information (e.g., see also Walker et al., 1996) .
In contrast to this, in neglect patients without hemianopia the processing of low-level signals (salience) in the contralesional side appeared to be relatively spared. Both in N+H-and HS the effect of salience was found selectively when the videos included multiple distinctive events (Multitrials). The finding that single distinctive events (Lat-trials) abolished any effect of visual salience fits with previous studies showing that guidance by internal, top-down signals can override the influence of stimulus-related salience (e.g., Einhäuser et al., 2008a,b) . Nonetheless, one study that directly addressed the interaction between visual salience and top-down control using dynamic naturalistic stimuli in neglect patients found that low-level visual features contributed to spatial M A N U S C R I P T
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23 orienting irrespective of current top-down signalling (Machner et al., 2012) . The authors interpreted these results suggesting that the lesions interfered with endogenous control, thus allowing stimulusdriven control to guide spatial orienting even in presence of top-down signals.
A critical difference between Machner et al.'s study and our Vonly experiment here is that we manipulated the contribution of endogenous signalling by changing the level of competition between semantically distinctive events (Lat-vs. Multi-trials), rather than imposing a specific goaldirected task (e.g., search for a specific target object as in Machner et al., 2012) . The mechanisms regulating these two types of control are likely to be substantially different. Goal-directed control entails holding a specific target-template in memory, comparing the sensory input with this internal template, detecting the targets, rejecting distractors and -more generally -guiding the allocation of processing resources in a strategic manner (e.g., minimising the re-exploration of objects that were already fixated). By contrast, in our study participants did not receive any explicit instruction, hence the significance of visual events was determined by their distinctiveness within the scene rather than task-relevance. Accordingly, here endogenous control did not operate on the basis of any goal- Further evidence of spared stimulus-related processing in N+H-comes from the second experiment, based on audiovisual stimuli (AVstim). Crossmodal interactions are known to affect orienting behaviour in neglect patients, possibly via both general arousal (Robertson et al., 1998; Chica et al., 2012) and the engagement of multisensory spatial representations (Frassinetti et al., 2002; Pavani et al., 2003; Van Vleet & Robertson 2006) . Here, we lacked any clinical measure of auditory spatial processing, but our results indicate that patients were able to encode the spatial M A N U S C R I P T
24 position of task-irrelevant sounds (left/right side) and -most importantly -to combine that with information about the location of the concurrent visual event. In line with Frassinetti et al. (2002) , who used simple and stereotyped stimuli, we found a reduced orienting deficit for left visual events specifically when these were coupled with a sound on the left side. These results demonstrate that the mechanisms that enable combining information about (the position of) the distinctive visual event and (the position of) the task-irrelevant auditory stimuli was still effective in N+H-patients (see also Golay et al., 2005; Ishihara et al., 2013 ; for related effects using simple and stereotyped stimuli).
We interpret this overall pattern of results in the framework of a possible distinction between dorsal and ventral frontoparietal networks for the processing of endogenous vs. stimulus-driven signals. We put forward that in Lat-trials the detection of a single distinctive event generated a processing priority bias at the location of the event, which overrode other signals based on sensory salience. By contrast, Multi-trials were associated with a series of such event detections that overall did not generate any spatial bias favouring one or the other side. Under these circumstances (i.e., no spatial priority based on event-detection), low-level sensory signals start contributing to spatial orienting. Following existing proposals of attention control, the encoding of processing priorities may take place in the dorsal network (cf. Priority Maps, see Gottlieb, 2007; Ptak, 2012) , while the detection of distinctive events could be initially implemented in the ventral network (Shulman et al., 2003; Kincade et al., 2005) . These detection signals would then contribute to updating Priority Maps in the dorsal network via inter-regional communication (cf. Corbetta & Shulman, 2002; Shapiro et al., 2002; Astafiev et al., 2006; Doricchi et al., 2009; Macaluso & Doricchi, 2013) .
The role of the ventral network for the detection of distinctive events in naturalistic conditions is in line with several fMRI studies that we previously carried out in healthy participants (e.g., Nardo et al., 2011 Nardo et al., , 2016 . In particular, Nardo et al., 2016 made use of the same videos and free-viewing conditions as in the present Vonly experiment. Direct comparison between Multi-vs.
Lat-trials revealed activation of the right temporoparietal junction, plus more anterior regions M A N U S C R I P T
25 including the right middle/inferior frontal cortex, that is, the same regions damaged in N+H-patients here. Given the complexity of our naturalistic stimuli, the heterogeneity of trials (each trial included different objects/events) and of the ensuing oculomotor behaviour, it is difficult to pinpoint the exact processes underlying the previous fMRI results and the neglect deficit here. However, it should be noticed that both studies associated the ventral network specifically with the processing of videos containing multiple distinctive events. This suggests that this system may not merely detect distinctive events (cf. also preserved orienting towards single events on the left side, Llattrials), but rather may perform more complex operations needed to handle the co-occurrence of multiple such events. This may entail establishing an order of processing priorities that would then allow sequential orienting towards different distinctive events.
The second main result of the present study was that stimulus-related signals affected orienting behaviour in N+H-, in whom we found significant damage of the ventral frontoparietal cortex. This seems inconsistent with a mechanism where stimulus-driven signals are first detected in the ventral network (lesioned in N+H-; cf. also Corbetta & Shulman, 2002) and subsequently affect Priority Maps in dorsal regions via interregional connectivity. Nonetheless, we cannot exclude that the connectivity between spared regions in the ventral network and dorsal areas played a role here (e.g., see He et al., 2007 ; and see also limitations of the anatomical analyses here). An additional analysis with the Fisher exact test comparing the frequency of lesions between groups in the middle frontal gyrus (MFG, that may act as a connection hub between dorsal and ventral attention networks, see He et al., 2007) showed significant differences between N-and neglect patients (N-vs. N+H-: p=0.004; and N-vs. N+H+: p=0.006), whereas no significant difference was found between the two groups of neglect patients (N+H-vs. N+H+: p=1.000). An alternative interpretation would be that salience modulated Priority Maps in the dorsal network via more direct occipitoparietal pathways (see Ptak & Schnider, 2011; Geng & Vossel, 2013; Dragone et al. 2015; Silvetti et al., 2016) . Irrespective of the specific paths involved, the current finding that sensory salience affected orienting behaviour in patients with relatively spared dorsal regions fits with the M A N U S C R I P T
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proposal of stimulus-driven control in dorsal regions during orienting in naturalistic conditions (Nardo et al., 2011 (Nardo et al., , 2016 . The results of the second experiment (AVstim) further support this view.
We found significant effects of audiovisual spatial congruence on spatial orienting in N+H-patients with relatively spared dorsal frontoparietal cortex. These results are in agreement with our previous fMRI data in healthy participants that highlighted crossmodal spatial interactions in the dorsal parietal cortex during free-viewing of the same videos employed in the current AVstim experiment (Nardo et al., 2014) .
While we were able to identify some differential contribution of endogenous and stimulusrelated factors during spatial orienting in naturalistic conditions, the current approach includes several limitations. First, we made use of simple measures of overt orienting, that is, the ratio between the time spent looking towards one vs. the other side of space, plus some additional tests regarding the side and timing of the first fixations. These do not provide us with any detailed information about oculomotor dynamics (e.g., saccades number/amplitude/direction). Our choice was primarily motivated by the complexity of the stimuli. Our videos included dynamic visual stimuli that differed for each single trial. A more detailed quantification of the oculomotor behaviour would have required also an analogous analysis of the stimuli, which in turns would need a large amount of subjective decisions (e.g., identifying the position of single objects, in each frame of each video; but see Machner et al., 2012) . Related to this point, here the identification of the distinctive visual events and the categorization of the videos in Lat-vs. Multi-conditions for Vonly experiment were based on a subjective evaluation of videos. It is unlikely that the subjective categorization led to some systematic bias across the different conditions (i.e., the vast majority of the events were very noticeable), but we cannot exclude that the distinctive events comprised also some stimulus-related features. In particular, the majority of the distinctive visual events entailed moving people or objects in the foreground. At the same time, motion is one of the 'channels' used for computing the saliency map (cf. Itti et al., 1998; Itti & Koch, 2001 ). Thus, local motion M A N U S C R I P T
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27 contributed to both the distinctive visual events and low-level sensory salience. While here dissociating the relative contribution of motion signals in defining the distinctive events versus lowlevel salience appears challenging, we should point out that our results highlighted a linear relationship between saliency and gaze within each side of space. This is more consistent with an influence of motion via low-level signalling rather than high-level semantics, because it seems unlikely that a progressive increase in local motion would translate into an analogous change in semantic distinctiveness. Moreover, in both experiments we introduced specific experimental manipulations aiming at minimising possible confounding effects associated with the naturalistic stimuli. In Vonly experiment, we sought to account for possible left/right differences both in lowlevel signals (salience and/or other visual features) and high-level information (distinctiveness of the visual events) by presenting each video either in its original version or in a left/right flipped version. In AVstim experiment, we included no-sound baseline trials (NoS) to ensure that any difference between congruent and incongruent conditions (note that these comprised distinct videos) could not be simply attributed to visual differences.
Further, we need to acknowledge the small sample size of the N+H+ group. It should be noted that in the present study we were not interested in drawing conclusions about the role of hemianopia. Rather, we focussed on the N+H-group and ensured that our conclusions were not driven by any visual deficits. However, it should be noticed that in the Vonly experiment N+H+ patents showed a qualitatively different pattern of spatial orienting that may be further investigated in a larger sample size including an additional group of patients with hemianopia but without neglect ('N-H+').
Finally, the anatomical analyses concerning the lesions associated with neglect used a lowresolution ROI approach that does not consider specific frontoparietal sub-regions. In addition, our main analyses included CT scans that are less accurate than MR. We verified whether we could improve our anatomical study by using voxel-based lesion-symptom mapping (VLSM, as implemented in the NPM software; http://people.cas.sc.edu/rorden/mricron/stats.html) on the subset M A N U S C R I P T
28 of patients with MR scans available. The results of the power analysis showed that our data were underpowered (cf. Rorden et al., 2007; Rudrauf et al., 2008) and therefore the results of the VLSM could not be considered reliable. However, we need to point out that in the context of the present study the anatomical data were intended as a support for the behavioural findings, primarily seeking to confirm the association between neglect and structural damage of the ventral frontoparietal network (Vallar & Perani, 1986; Mort et al., 2003; Corbetta & Shulman, 2011; Karnath & Rorden, 2012) .
CONCLUSIONS
In the present study, we have shown that the competition between semantically-distinctive, co-occurring events is a major determinant of spatial orienting deficits in hemispatial neglect. By contrast, spatial orienting towards isolated visual events was spared on both sides, suggesting relative sparing of detection mechanisms despite the lesion of the ventral frontoparietal cortex.
Moreover, we found that both low-level visual salience and spatial alignment between audiovisual stimuli can increase the time patients spend exploring the contralesional hemispace. This putatively suggests that stimulus-related signals affect orienting behaviour via relatively intact (multisensory)
representations of processing priorities in dorsal frontoparietal regions. These results provide us with a novel perspective about the influence of stimulus-driven and endogenous signalling in neglect (Smania et al., 1998; , highlighting the contribution of semantic-distinctiveness as opposed to task-relevance (cf. Machner et al., 2012) Table 1 -Demographic and clinical data of all participants, separately for the four groups. Test scores express the difference of items correctly detected in the left and right hemispace. Line bisection is expressed in mm of rightward bias from the midpoint. Note that, although on average at the time of the experiments the severity of Neglect symptoms had reduced from the admittance to the care centre (cf. the different values on the letter cancellation and line bisection tests), N+ still showed significant different scores from both N-and HS. 
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